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Abstract 
Presley, Chase R.  M.S. University of Memphis. August 2015. Cerebellar 
Modulation of Dorsolateral Striatal Dopamine Release: Functional Significance to 
Autism Spectrum Disorder. Major Professor: Charles D. Blaha, Ph.D. 
 
Autism spectrum disorder (ASD) is a lifelong neurodevelopmental disorder 
characterized by significant impairments in social-interaction, repetitive behavior, and 
early onset.  Several neuropathologies exist in individuals with ASD including cerebellar 
hyploplasia, a reduction in Purkinje cells, and an enlargement of the prefrontal cortex 
(PFC).  These abnormalities have been found to alter dopamine (DA) neurotransmission 
in the mPFC and contribute to repetitive behaviors and cognitive deficits commonly 
found in ASD.  The nigrostriatal pathway provides DA to the striatum where it acts to 
modulate proper action selection and motor control.  Research now suggests that the 
cerebellum may modulate nigrostriatal DA release in the dorsolateral striatum (DLS) 
where habitual behavior seems to be manifested.  Through the application of fixed 
potential amperometry we observed dentate nucleus stimulation-evoked DA release in the 
DLS of Fragile X mice.  Results indicate that the cerebellum modulates small amounts of 
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Cerebellar Modulation of Dorsolateral Striatal Dopamine Release: Significance to 
Autism Spectrum Disorder 
 Movement plays a vital role in activities of daily living and is critical to human 
survival.  When our movement regulatory systems function properly we are capable of 
producing smooth calculated actions.  More importantly, proper regulation of behavior 
means the ability to remain still and act only when desired.  In order to create suitable 
actions, cognitions and motor plans must function correctly to ensure appropriate drive 
and action selection.  These systems work together in concert, under normal conditions, 
to select motor programs aimed at fulfilling goal-directed behavior. The cerebellum, 
prefrontal cortex, motor cortex, and midbrain all have unique roles and have been proven 
to collaboratively make up the cerebello-thalamocortical pathway.  Perhaps the most vital 
area for action selection within this system though is the basal ganglia.  The basal ganglia 
are made up of several subunits that act together as a centralized action selection circuit 
receiving input information from the cortex and thalamus, and sending inhibitory signals 
back to the thalamus.  When the thalamus is inhibited, excitatory signals are blocked to 
the motor cortex resulting in decreased movement.  These inhibitory mechanisms within 
the basal ganglia can also be inhibited thus allowing the thalamus to initiate movements.  
These modulatory processes are regulated by the neurotransmitter dopamine (DA).  
Previous findings have implicated that DA release can be diminished by upstream 
abnormalities found in the cerebellum.  Given that the supply of DA to the basal ganglia 
is critical for movement regulation, it is imperative that these neurotransmitters are 
further investigated. As this system becomes dysfunctional, there are major implications 
for not only physical actions, but mental health as well. 
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 One neurological disorder caused by dysfunction of this system is Autism 
Spectrum Disorder (ASD).  Individuals with ASD express cognitive, behavioral, and 
social impairments that appear to be a result of genetic and developmental anomalies.  
Our research provides evidence suggesting that neural pathologies underlie the 
observable features of ASD.  We review the anatomical structures that make up the 
cerebello-thalamocortical network and how this system is affected in individuals with 
ASD. While in no way is the proceeding review comprehensive, the contributions 
presented here will provide theoretical grounds to interpret the findings of the subsequent 
study. 
Relevance to Autism Spectrum Disorder 
 Autism spectrum disorder (ASD) is a lifelong neurodevelopmental disorder that 
has recently been found to affect 1 in 68 children living in the United States (Baio, 2014).  
Established criteria of ASD include deficits in social-communication and social-
interactions, repetitive patterns of behavior and restricted interests, onset during early 
childhood, and significant impairment in everyday functioning (APA, 2013).  Although a 
specific etiology is unknown, genetic causes are known to play a major role in the 
developmental process of ASD and advances continue to be made in this domain.  Recent 
studies of twin pairs estimated the genetic heritability of autism to be between 50-77% in 
monozygotic twins while specific susceptible genes have been identified in 10-20% of 
ASD cases (Geschwind, 2011; Hallmayer et al., 2011) supporting the claim of etiological 
diversity within ASD. Environmental insults such as perinatal complications and 
hypersensitivity to oxidative stress in interaction with genetic factors have been 
hypothesized as being potential mechanisms contributing to the pathogenesis of ASD 
	   	  
	  3	  
(Chaste & Leboyer, 2012).  Immune dysfunction has also been proposed as a marker for 
increased susceptibility as one study reported neuroinflammation in the cerebellum, white 
matter, and cerebral cortex of individuals with autism (Vargas, Nascimbene, Krishnan, 
Zimmerman, & Pardo, 2005).   
 Children affected by ASD commonly exhibit behaviors that are self-stimulating, 
self-injurious, and ritualistic in nature.  These actions consist of spinning objects, body 
rocking, head banging, insistence on sameness, and strict adherence to rules (Boyd, 
McDonough, & Bodfish, 2012).  Research has shown that cognitive impairments exist in 
individuals with ASD in specific tasks requiring social awareness, planning, cognitive 
flexibility, and expressive language (Dawson et al., 2004; Kjellmer, Hedvall, Fernell, 
Gillberg, & Norrelgen, 2012; Ozonoff et al., 2004).  Cognitive inflexibility, or insistence 
on sameness, is exhibited in children with ASD while transitioning out of rituals and into 
novel situations.  It is unsurprising therefore that anxiety is comorbid with ASD in 39.6% 
of cases (Van Steensel, Bögels, & Perrin, 2011). Social impairments are also quite robust 
and include the diminished performance of joint attention, an ability to coordinate 
attention to a common object or occurrence with a social partner (Mundy, 2003). The 
diminished skill of joint attention can have major implications in learning and offers an 
explanation for why language impairments are so pervasive throughout ASD (Mundy, 
Sigman, & Kasari, 1990).  Another element of social impairment is displayed through a 
reduced sensitivity to the rewarding effects of social stimuli.  This is exhibited by 
decreased pupillary dilation while looking at happy faces (Sepeta et al., 2012).  
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Motor Deficits in ASD  
 In addition to behavioral, social, and cognitive pathologies, individuals with ASD 
commonly display irregularities in fine and gross motor movements. Motor deficits 
appear to be pervasive in the ASD group as one review reported 21% - 100% of 
individuals with autism have some form of impairment (Gowen & Hamilton, 2013).  A 
study examining groups of children with ASD, typical development, and specific 
language impairment (SLI) found that individuals with ASD have significant deficits in a 
range of motor skills that include manual dexterity of threading string, balancing, and 
throwing and catching a ball (McPhillips, Finlay, Bejerot, & Hanley, 2014).  Motor 
delays in ASD also become more pronounced throughout childhood when compared to 
typically developing children of the same age (Lloyd, MacDonald, & Lord, 2013).  
Slower repetitive hand and foot movements during imitation tasks, and impaired gait, 
tone, and coordination also exist have been identified through neuropsychological testing 
(Dowell, Mahone, & Mostofsky, 2009).  Deficits in motor control predict increased 
severity of autism and are correlated with other affected areas such as social-
communication and daily living skills (Mari, Castiello, Marks, Marraffa, & Prior, 2003). 
These observable behaviors and characteristics are visible products of underlying 
neurological dysfunction.  The wide range in both prevalence and variation in motor 
impairments among individuals with ASD is best explained by neuroanatomical findings.   
Neuropathology in ASD 
The cerebellum, inferior olive, thalamus, frontal cortex, and limbic system all 
have been consistently identified as abnormal in individuals with ASD.  Many of these 
anomalies have been explained as the result of early hyperplasia in the cerebral cortex 
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and cerebellum followed by abnormally slow growth (Courchesne et al., 2001).  These 
enlargements during early development have been suggested to be a result of lack of 
synaptic pruning, an automated neuroregulatory process that assists in brain development 
(Geschwind & Levitt, 2007). The medial prefrontal cortex (MPFC), which deactivates 
during rest periods in normal individuals, fails to do so in ASD individuals indicating a 
potential mechanism for social and emotional deficits (Kennedy, Redcay, & Courchesne, 
2006).  Structures critical for movement, memory, and emotion (i.e., limbic system, 
cerebellum), display characteristics of an immature brain with dense cell packing and 
reduced cell size (Palmen et al., 2004).  One study using fMRI and diffusor tensor 
imaging found underconnectivity in thalamocortical processes providing a potential 
explanation for motor and cognitive impairments (Nair, Treiber, Shukla, Shih, & Müller, 
2013).  Further support to this claim lies in a study showing that lesions to the thalamus 
in non-autistic individuals, result in autism-like cognitive deficits such as poor working 
memory, perseveration, language deficits during memory tasks, and failure to restrain 
from inappropriate behaviors (Schmahmann, & Pandya, 2008).  A reduction in the size of 
the posterior corpus callosum could have further indications linking the parietal lobe to 
this disorder (Egaas, Courchesne, & Saitoh, 1995). 
Neuropathologies found in the cerebellum are perhaps the most frequently 
reported anatomical irregularities of ASD.  Many groups of researchers have reported 
findings such as cerebellar hypoplasia, reduced Purkinje size and cell counts, excess 
Bergmann glia, and an active neuroinflammatory processes within cerebellar white 
matter (Bailey et al., 1998; Bauman, & Kemper, 2005; Courchesne et al., 2001; DiCicco-
Bloom et al., 2006; Fatemi et al., 2002; Palmen et al., 2004; Vargas et al., 2005).  Loss of 
	   	  
	  6	  
Purkinje cells, the main output neuron of the cerebellum, plays a vital role in the aberrant 
behavior and motor skills seen in ASD.  Martin, Goldowitz, and Mittleman (2010) 
reported that a significant relationship exists between total number of Purkinje cells and 
motor deficits seen in the Lc/+ mouse model of autism (Martin et al., 2010). Purkinje cell 
loss could therefore contribute to the repetitive behaviors seen in various developmental 
disorders including ASD.  Diffusion tensor imaging has found increased diffusivity of the 
superior cerebellar peduncles, again suggesting abnormal connectivity between the 
cerebellum and its efferent white-matter projections in children with ASD (Sivaswamy et 
al., 2010).  The cerebellum along with its projections form closed circuit loops between 
the cerebellum, thalamus, and cerebral cortex, providing strong evidence for a 
relationship between autism and motor deficits (Strick, Dum, & Fiez, 2009). 
Cerebellar Modulation of Dopamine 
 Each movement, simple or complex, requires the precise coordination of several 
muscles in order to be performed.  The cerebellum is where this coordination 
management occurs.  The cerebellum acts as an intersection in the brain – forming 
reciprocal connections with nearly every major neural system (Fatemi et al., 2012). 
Evidence of cerebro-cerebellar connections has been established as cortical injections 
have retrograde labeled neurons in the dentate nucleus (Lu, Miyachi, & Takada, 2012).  
Afferent signals generated from somatosensory input, are sent to the cerebellum where 
orchestration of specific spatiotemporal muscle activation takes place.  Major sources of 
input to the cerebellum that generate these precise patterns of firing are excitatory mossy 
fibers from the cerebral cortex and climbing fibers from the inferior olivary nucleus 
(Eccles, 1973).  The inferior olive receives various forms of sensory input from the 
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gracile and cuneate nuclei, the pars caudalis of the spinal trigeminal nucleus  (Berkley & 
Hand, 1978), and strongly regulates cerebellar output (Fatemi, 2012).  Each of the 
excitatory climbing fibers terminates onto cerebellar granule cells and provides input to 
up to 10 Purkinje cells (Eccles, 1973). Branching axons from granule cells, called 
"parallel fibers,” travel perpendicular to parallel rows of Purkinje cells creating as many 
as 200,000 connections on each Purkinje cell (Diamond, 2000). Purkinje cells process 
this information then project inhibitory gamma-Aminobutyric acid (GABA) signals to 
deep cerebellar nuclei including the interpositus nucleus, fastigial nucleus, and dentate 
nucleus (Diamond, 2000).  
 The dentate nucleus (DN) is the largest of the deep cerebellar nuclei and has 
disynaptic projections to the striatum (Bostan, Dum, Strick, & Graybiel, 2010), including 
other connections with the thalamus and cerebral cortical areas (Fatemi, 2012).  The DN 
sends excitatory glutamatergic projections throughout the brain stem and to the thalamus 
via the superior cerebellar peduncle (Founier et al., 2010; Purves, 2007).  Efferent signals 
from the DN have also been found to modulate the release of DA.  A neurotransmitter in 
the catecholamine family, DA plays a critical role in fine motor movements, learning, 
attention, decision making, and the appetitive features of rewarding stimuli (Tritsch & 
Sabatini, 2012). Electrophysiological studies have now revealed that two distinct 
dopaminergic pathways arise out of these glutamatergic DN projections, the mesocortical 
pathway and the nigrostriatal pathway (Mittleman, Goldowitz, Heck, & Blaha, 2008).  
 The mesocortical pathway ultimately provides and mediates DA release in the 
medial prefrontal cortex (mPFC). From the DN, glutamatergic signals are relayed 
through the reticulo-tegmental nuclei (RTN) and the pedunculopontine tegmental nuclei 
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(PPT) of the pons. The rostral and caudal aspects of the PPT project to the ventral 
tegmental area (VTA) where far reaching dopamine-containing cells densely innervate 
the limbic associative cortices and the mPFC (Holmstrand & Sesack, 2011). Like the 
mesocortical pathways the nigrostriatal pathway also originates from glutamatergic 
output of the DN–RTN–PPT where projections are sent to the substantia nigra pars 
compacta (SNc).  The SNc then provides dense dopaminergic projections to the striatum 
of the basal ganglia, specifically the putamen and caudate nucleus (Zahm, 2008). 
Together the VTA and SNc each contain 20,000 neurons bilaterally (German & Manaye, 
1993) and provide the majority of DA to the forebrain and basal ganglia. Due to the 
relatively small number of DA cell bodies, each midbrain DA neuron must have a large 
influence over expansive neural structures (Tritsch & Sabatini, 2012). 
Electrophysiological studies have found that sustained activity of RTN-PPT afferents to 
dopaminergic cells in the VTA and SNc effectively enhance neurotransmission in both 
midbrain dopaminergic systems and assists in behavioral activation (Blaha & Winn, 
1993; Blaha et al., 1996; Forster & Blaha, 2003; Forster, Yeomans, Takeuchi, & Blaha, 
2002).  As the target of the nigrostriatal pathway, the striatum is modulated by dopamine, 
and plays a role as the intermediary between the sensorimotor cortex and the remainder 
of the basal ganglia.  Figure 1 represents a potential pathway for moderating dopamine 
release in the striatum. 




Figure 1.  Representational figure of underlying circuitry involved in the cerebellar 
modulation of striatal DA release.  Cerebellar cortical areas converge on the dentate 
nucleus where a chain of glutamatergic signals excites the substantia nigra compacta 
(SNc).  The SNc then projects dopaminergic neurotransmission to the striatum. 
Basal Ganglia Circuit 
The striatum, which gets its name from its striped appearance in certain sagittal 
views of the brain, is comprised of the caudate nucleus (dorsomedial striatum in rodents) 
and the putamen (dorsolateral striatum). The dorsal striatum, consisting almost entirely of 
medium spiny GABAergic neurons (Da Cunha, Gomez-A, & Blaha, 2012; Kreitzer & 
Malenka, 2008), receives glutamatergic input from the cerebral cortex and sends 
inhibitory GABAergic signals to the internal globus pallidus (GPi), external globus 
pallidus (GPe), and the substantia nigra reticula (SNr, Purves, 2007).  The GPe conveys 
inhibitory signals to the subthalamic nucleus (STN) where glutamatergic neurons project 
to the GPi and SNr.  These neural relationships form two pathways within the basal 
ganglia circuit, the indirect and the direct pathway. The GPi and SNr are GABAergic 
nuclei that extend to and inhibit the thalamus.  When the thalamus is inhibited by basal 
output, excitatory signals to the motor cortex are unable to be sent, functionally 
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obstructing movements from being performed.  Striato-GPe-STN-GPi/SNr connectivity 
constitutes the indirect pathway and is modulated by D2 receptors in the striatum. The 
direct pathway consists of striato-GPi/SNr connectivity where the striatum inhibits the 
GPi and SNr from inhibiting the thalamus therefore initiate movements (Gerfen & 
Surmeier, 2011).  These two underlying pathways make up the basal ganglia circuit.  DA 
acts as a post-synaptic modulator on these pathways by acting on either D1-like or D2-
like receptors (Gerfen, Keefe, & Gauda, 1995).  D1-like neurons are found in the direct 
pathway while the D2-like cells constitute the indirect pathway.  Due to its function as 
the input nuclei of the basal ganglia, the dorsal striatum is thus involved in the initiation 
and control of voluntary movements, development and maintenance of motor habits, and 
possibly the structuring of some cognitive processes (Zahm, 2008). 
Dorsolateral Striatum Dysfunction 
The dorsolateral striatum (DLS) receives projections from the sensorimotor cortex 
and is thought to mediate the acquisition of habits, while the dorsomedial striatum (DMS) 
receives projections from the associative cortex and mediates reward related actions 
(Balleine, Delgado, & Hikosaka, 2007).  Addiction studies have led some researchers to 
hypothesize that the progressive engagement of dorsal striatal mechanisms underlie the 
transition from reward-seeking to habitual drug seeking, while dorsolateral inactivation 
reinstates previously habitual responding back to response-outcome control (Everitt et al., 
2008). A recent study at MIT recorded levels of DA in the DLS and ventrolateral striatum 
(VLS) of rats during a maze tests.  Instead of isolated bursts of DA transmission at the 
initial cue or at goal-reaching, continual DA signaling began at the onset of the trial and 
ended only after reaching the reward providing a potential mechanism for sustained 
	   	  
	  11	  
motivational drive (Howe, Tierney, Sandberg, Phillips, & Graybiel, 2013).  Evidence also 
suggests that a disconnection between the dorsolateral striatum and cerebral cortices 
could result in impulsive and habitual behaviors (Tedford, Persons, & Napier, 2015).  
Habits, including the repetitive behaviors commonly seen in ASD, consist of both 
cognitive and motor routines that can go into action without our conscious awareness 
(Graybiel, 2008).  Taken together, these studies offer a potential mechanism of interest in 
the DLS.  The dysfunction of the DLS may not only contribute to repetitive self-
stimulating behavior in ASD, but action selection and overall cognitive functioning as 
well.  
Previous Findings 
Research has shown that the DN may provide direct contralateral projections to 
the VTA and dorsal region of the SNc, midbrain regions densely populated by 
dopaminergic cells (Perciavalle, 1989). This provides support to the notion that the 
cerebellum may regulate DA release through midbrain DA nuclei. Other areas regulated 
by DN output include the PPT, which has been shown to stimulate glutamate and 
muscarinic receptors in the SNc providing rapid and prolonged activation of the 
nigrostriatal DA system (Forster & Blaha, 2003). Neuropathology of the cerebellum, that 
which is commonly observed in ASD, has been noted to have an attenuated affect on DA 
release in the mPFC (Rogers et al., 2011).  Results of fixed potential amperometry using 
FMR1 models of mice, as shown in Figure 2, displayed that in wildtype mice the VTA 
and thalamic pathways mediated cerebellar modulation of mPFC DA equally, whereas in 
FMR1 mutants there was a shift in modulation away from the VTA and towards the 
thalamic pathway (Rogers et al., 2013).  As the FMR1 mouse model is reflective of ASD, 
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reorganization of DA pathways may indicative a shift that occurs during 
neurodevelopment that is embodied by a reduction in cerebellar modulatory strength 
(Rogers et al., 2013). 
 
Figure 2.  Average percent decrease in dentate nucleus (DN) stimulation-evoked DA in 
the mPFC following kynurenate infusion in the ventral tegmental area (VTA), 
mediodorsal thalamus (ThN md), or ventrolateral thalamus (ThN vl).  Figure by Rogers 
et al. (2011) 
Fragile X syndrome is the most common cause of inherited mental retardation 
currently known (Kaufmann et al., 2004). Some have even hypothesized that having an 
FMR1 gene mutation may increase an individual’s genetic predisposition for autism 
(Demark et al., 2003). The FMR1 gene produces the fragile X mental retardation protein 
(FMRP) known to be involved in cognitive development, and mutations of this gene 
result in fragile X syndrome (Goodrich-Hunsaker et al., 2011; Verkerk et al., 1991).  
Individuals dually diagnosed with fragile X syndrome and autism displayed greater 
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communication and social reciprocity impairments, and higher levels of repetitive and 
challenging behaviors (Smith, Barker, Seltzer, Abbeduto, & Greenberg, 2012).  It is also 
common for individuals with fragile X syndrome to exhibit autism-like symptoms and 
show deficits in motor skills, attention, inhibitory control, and cognitive flexibility 
(Koekkoek et al., 2005; Krueger et al., 2011). Therefore, FMR1 KO mice have been used 
to model and study ASD. These mice display several behavioral deficits similar to those 
seen in autism such as hyperactivity, perseverative behavior, reduced spatial learning 
abilities, hypersensitivity to auditory stimuli, and anxiety (Bernardet & Crusio, 2006; 
Olmos-Serrano et al., 2010).  Cerebellar pathologies are found in FMR1 KO mice such as 
elongated spines on cerebellar Purkinje cells, decreased volume of cerebellar nuclei, and 
a higher spine turnover rate (Ellegood et al., 2010; Koekkoek et al., 2005; Pan, Aldridge, 
Greenough, & Gan, 2010).  For these reasons we have chosen to use FMR1 KO mice to 
model ASD in our scientific investigation. 
Thesis Statement 
 The purpose of this study was to investigate a mechanism proposed to be involved 
with repetitive and restrictive motor behaviors and cognitive deficits exhibited in ASD.  
With the existence of cerebellar hypoplasia and loss of Purkinje cells, DN output is 
altered causing an imbalance of downstream dopaminergic regulation.  We propose that 
DA dyregulation in the nigrostriatal pathway, specifically the DLS, may explain the 
behavioral impairments seen in ASD.  Using Fragile X knockout (KO) and wildtype 
(WT) mice, fixed potential amperometry (FPA) was applied to electrically stimulate the 
DN while recording extracellular DA release in the DLS. Abnormal DA release in the 
dorsolateral striatum was the expected result based on the previous supporting studies.  




Experimental animals are bred and maintained at the University of Memphis in 
the Animal Care Facility located in the Department of Psychology. Mice are continuously 
supported in a temperature-controlled environment (21±1 °C) on 12:12 light/dark cycle 
(lights on at 0800) and are freely given access to food and water. All proposed 
experiments were approved by a local Institutional Animal Care and Use Committee and 
conducted in accordance with the National Institutes of Health Guidelines for the Care 
and Use of Laboratory Animals. 
Breeding 
In order to produce Fragile-X experimental mice (FMR1) two phases of breeding 
are required. In the first stage, male mice hemizygous for the FMR1tm1Cgr targeted 
mutation (FVB. 129P2-FMR1tm1Cgr/J, #004624) will be mated with female wildtype 
control mice ((FVB.129P2-Pde6b+ Tyrc-ch/AntJ, #004828). The offspring produced by 
this breeding strategy is composed only of heterozygous females and wildtype males. In 
the second stage, heterozygous female mice will be mated with wildtype male mice to 
produce litters containing both hemizygous and wildtype males. The wildtype littermates 
will be used as control experimental subjects. 
Surgery 
A total of 19 adult male mice were used (9 FMR1 wildtype, 9 FMR1 KO). All 
were urethane-anesthetized (1.5 g/kg i.p.) and placed in a stereotaxic frame. Body 
temperature was maintained at 36±0.5 °C with a temperature-regulated heating pad. 
Fixed potential amperometry (FPA) was used with a concentric bipolar stimulating 
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electrode (SNE-100, Kopf Instruments), a carbon-fiber microelectrode (DA recording 
electrode; carbon fiber 10 µm o.d., 250 µm length, Thornel Type P, Union Carbide, 
Bristol, PA, USA), and an Ag/AgCl reference electrode combination electrode. The 
stimulating and reference electrodes were implanted ipsilateral to one another in the right 
hemisphere, while the recording electrode was implanted contralateral in the left 
hemisphere; location in respect to bregma and depth with respect to dura. Using 
stereotaxic coordinates in millimeter units, the stimulating electrode was lowered into the 
DN of the cerebellum (AP = -6.25, ML = 2.1, DV = -2.4) and the DA recording electrode 
was implanted into the dorsolateral striatum (AP = 1.5, ML = -1.7, DV = -3.0).	  	  The ML 
coordinate of the DLS and the AP location of the DN is shown in Figure 3. 
 
Figure 3.  Coronal view of stereotaxic coordinates representing recording and stimulation 
sites in the dorsolateral striatum (DLS) and dentate nucleus (DN) respectively.  The DLS 
acts as the main input mechanism to the basal ganglia while the DN is responsible for the 
output of the cerebellum. 
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Fixed-Potential Amperometry and Electrical Stimulation 
Fixed-potential amperometry (FPA) coupled with carbon-fiber DA recording 
microelectrodes, as represented in Figure 4, is a technique for real-time monitoring of 
stimulation-evoked DA release. Following the implantation of all electrodes, a constant 
voltage of +0.8 V was applied to the recording electrode, and an oxidation current, 
reflective of DA concentrations, was sampled continuously (10,000 samples/s) via an 
electrometer (ED401 e-corder 401 and EA162 Picostat, eDAQ Inc., Colorado Springs, 
CO, USA) filtered at 10 Hz low pass. A total of 100 stimulations (monophasic 0.5 ms 
duration pulses at 50 Hz every 60 s) was applied to the DN (at 800 µAmps) via the 
stimulating electrode with use of an optical isolator and programmable pulse generator 
(Iso-Flex/Master-8; AMPI, Jerusalem, Israel). 
 
Figure 4.  Representational figure of Fixed-potential amperometry (FPA) stimulating the 
DN while recording DA in the striatum. 
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Histology 
Immediately following each experiment, a direct current (100 µA for 10s; +5 V 
for 5 s) was passed through the stimulating electrode in the DN and through the recording 
electrode in the dorsolateral striatum to lesion tissue in each site. Each mouse was 
euthanized with a lethal intracardial injection of urethane. Brains were removed and 
preserved overnight in 10% buffered formalin containing 0.1 % potassium ferricyanide, 
and then stored in 30 % sucrose/10 % formalin solution until sectioning. At the 
conclusion of the experiment brains were sectioned on a cryostat at -30 ̊C. A Prussian 
blue spot indicative of the redox reaction of ferricyanide and iron deposits marked the 
stimulating electrode in the dentate, and the location of the recording probe was 
determined by the electrolytic lesion. 
Data Analysis 
 DN stimulation-evoked responses were extracted from the amperometric current 
recordings within the range of 0.2 seconds to 60 seconds post stimulation (-0.2 sec 
through 60 sec) for each of the mutant and wildtype mice.  The percent difference in 
overall magnitude of DA release in the dorsomedial striatum were summed and compared 
for each group (mutant, WT) using a one-way between groups ANOVA; average 
magnitude of DN-evoked DA oxidation current is the dependent variable and the mouse 
model, KO and WT, is the independent variable. 
Results 
A total of 18 mice, 9 WT and 9 Fmr1 KO, were used in our analysis. A one-way 
between groups ANOVA was performed to compare the average oxidation current of DA 
between Fmr1 KO and wild-type mice.  Figure 5 shows the average amplitude of DA 
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oxidation was comparable between groups, F(1, 16) = 0.16, p = .69, η2 = 0.01, and no 
significant difference was detected.  As no significant differences were found between 
groups, a post-hoc analysis was not required.  Results from our neurochemical analysis 
revealed that similar amounts of oxidized DA release occur between Fmr1 KO mutants 
(M = 0.94, SD = 4.07E-10) and wild-type (M = 0.86, SD = 2.95E-10) mice strains 
reflective of a relatively small DA response.  The oxidation response of DA occurred 
immediately after the initial stimulation and peaked at approximately 2.5 secs after the 
electrical stimulation.  The oxidation response lasted approximately 15 secs before 
returning to baseline. A total of 4 out of approximately 20 recorded responses were 
chosen for each animal to create an overall average response per mouse. 
 
 
Figure 5.  The average amplitude of oxidation current (corresponding to changes in 
extracellular DA release) observed in the dorsolateral striatum (DLS) of Fragile X wild-
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Table 1.  Results of one-way Between Groups ANOVA.  The average amplitude of DA 
oxidation was comparable between groups, F(1, 16) = 0.16, p = .69, η2 = 0.01, and no 
significant difference was detected. 
One-way Between Groups ANOVA 
ANOVA     	  	   	  	   	  	   	  	  
Source of Variation SS df MS F P-value F crit 
Between Groups 2.91E-20 1 2.91E-20 0.16 0.69 4.49 
Within Groups 2.89E-18 16 1.81E-19 	  	   	  	   	  	  
Total 2.92E-18 17 	  	   	  	   	  	   	  	  
 
Discussion 
Although there were no significant differences found in the amount of DN 
stimulation-evoked DA release in the DLS between groups, certain inferences can be 
made about the potential contributing mechanisms.  As current research had yet to verify 
cerebellar modulated DA release in the striatum, this study established that small 
amounts of dopaminergic signaling is regulated by the dentate nucleus. Prior to this work, 
multiple studies had found that the cerebellum regulates DA release in the PFC via the 
mesolimbic pathway (Mittleman et al., 2008; Rogers et al., 2013).   Lurcher mice 
displaying 100% loss of Purkinje cells demonstrate a 60% reduction in DN stimulation 
evoked DA release in the PFC (Mittleman et al., 2008).  Even with complete loss of 
Purkinje cells it appears that direct stimulation of the DN gives way to PFC DA release 
via the mesolimbic dopaminergic pathways.  While this signaling is attenuated in Lurcher 
mice, the cerebellum still exerts some control over DA released in the PFC. FMR1 KO 
mice do not exhibit complete loss of Purkinje cells as do Lurcher mice, but cerebellar 
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abnormalities still exist making these two strains comparable at least along a continuum 
of pathological severity.   
Interferences in neurodevelopment, not only in the cerebellum but also of white 
matter and cortical structures, may result in downstream dysregulation of DA release 
eliciting behavioral and motor deficits.  Shifts in strength among dopaminergic pathways 
is a viable explanation for the results of our study and have been previously implicated in 
research using Fragile X mice.  Using lidocaine and kynurenate infusions, Rogers et al. 
(2013) observed a noted shift in strength from the VTA to thalamic nuclei in FMR1 KO 
mice when compared to controls (Rogers et al., 2013).  Although the exact explanation 
for this alteration is unknown, underlying neural pathologies of the cerebellum appear to 
have an influence on these midbrain structures.  This study set out to explore the 
differences of cerebellar stimulation-evoked DA release in the DLS using FMR1 KO and 
wild-type mice.  While we can confirm that this cerebellar modulation is indeed possible, 
no significant differences exist between the knockout and wild-type variations of Fragile 
X mice.  
 A functional shift from ventral to dorsal striatal mechanisms has been proposed to 
behaviorally represent transitions from stimulus-reward responding, to habitual 
responding. The DLS has been implicated in addiction studies to be necessary for the 
acquisition and maintenance of habitual and repetitive behaviors (Everitt et al., 2008).  
Ito, Dalley, Robbins, & Everitt (2002) observed in vivo striatal DA release in rats that 
were trained to self-administer cocaine with a light conditioned stimulus (CS).  During an 
extended period of cocaine seeking maintained by presentations of the light CS, 
extracellular DA release was observed only in the dorsal regions of striatum (Ito et al., 
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2002).  Lesions studies have also found the DLS to be responsible for habitual 
responding.  Compared to controls and rats with DMS lesions, rats with a lesioned DLS 
exhibited significantly fewer responses to a devalued reward (Yin, Knowlton, & Balleine, 
2004) and an enhanced discounting effect for delayed rewards (Tedford et al., 2015).  
Restoration of DA signaling to the DLS of lab generated DA deficient (DD) mice was 
found to rescue cognitive functioning as measured by several learning tasks (Darvas & 
Palmiter, 2009).  DD mice are normally very inactive and unmotivated and the 
restoration of DA to the DLS appears to at least partially restore drive and motivation 
(Darvas & Palmiter, 2009).  Overall, these results suggest that normal dopaminergic 
signaling in the nigrostriatal pathways is necessary for the proper initiation of voluntary 
movements.   
The functional significance of these findings may provide insight to behavioral 
abnormalities typically observed in individuals with ASD.  As neural pathologies residing 
in the cerebellum appear to cause shifts in downstream DA signaling, the question still 
remains as to why Fragile X mice retain normal amounts of DA transmission in the DLS 
when compared to their wild-type littermates.  As it pertains to the DLS, one answer may 
be that cerebellar evoked DA is maintained at normal levels in ASD as a maladaptive 
mechanism to reduce stress.  For example, Pierce and Couchesne (2001) found that the 
volume of vermis lobules VI–VII in the cerebellum was negatively correlated with 
repetitive behaviors in children with ASD (Pierce & Courchesne, 2001).  As ASD and 
anxiety are highly comorbid these repetitive behaviors could function as a way to relieve 
stress. 
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 Current treatments for ASD include a range of behavioral and cognitive therapy 
techniques as well as medications.  A recent publication announced that weekly treatment 
with the purinergic antagonist suramin, a drug treatment long used for parasitic 
infections, reduced autism-like symptoms in Fragile X mice (Naviaux et al., 2015).  
Therapeutic affects of suramin on FMR1 KO mice included the restoration of social 
behavior and improved metabolic and synaptic structural abnormalities.  Although this 
study provides a possible therapeutic agent for the amelioration of ASD symptomology, 
long-term treatment with suramin causes toxic side effects and further investigation is 
required (Arlt, Reincke, Siekmann, Winkelmann, & Allolio, 1994).   
Conclusion 
Our results indicate that DA release in the DLS of Fragile X knockout mice is 
comparable to that of wild-type controls.  Although we show that the cerebellum 
undoubtedly contributes to the release of DA in the DLS, this dopaminergic signaling is 
substantially less than cerebellar-modulated dopamine in the PFC. Further research is 
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